The ability to control transcription in a time-dependent manner in vitro promises numerous applications in molecular biology and nanotechnology. Here we demonstrate an approach that enables precise, independent control over the production of multiple RNA transcripts in vitro using single guide RNA (sgRNA)-directed transcription blockades by catalytically dead Streptococcus pyogenes CRISPR-Cas9 enzyme (dCas9). We show that when bound to a DNA template, the dCas9: sgRNA complex forms a robust blockade to transcription by RNA polymerases (RNAPs) from bacteriophages SP6, T3, and T7 (>99.5% efficiency), and a partial blockade to transcription by Escherichia coli RNAP (∼70% efficiency). We find that all three bacteriophage RNAPs dissociate from the DNA template upon encountering the dCas9 blockade, while E. coli RNAP stays bound for at least the 90-min duration of our experiments. The blockade maintains >95% efficiency when four mismatches are introduced into the 5 ′ ′ ′ ′ ′ end of the sgRNA target sequence. Notably, when using such a mismatched blockade, production of specific RNA species can be activated on demand by addition of a double-stranded competitor DNA perfectly matching the sgRNA. This strategy enables the independent production of multiple RNA species in a temporally controlled fashion from the same DNA template, demonstrating a new approach for transcription control.
INTRODUCTION
Across all organisms, the temporal modulation of transcription is one of the most prevalent mechanisms of gene regulation. In bacteria, certain riboswitches control the expression of downstream genes in real-time by finetuning the efficiency of transcription termination in response to fluctuations in metabolite and ion concentrations (Sherwood and Henkin 2016) . Similarly, chromatin remodeling enzymes can activate or deactivate transcription by repositioning nucleosomes, and transcription factors can do so by binding to promoters and/or directly interacting with RNA polymerase (RNAP) (Yang and Lewis 2014; Ji and Sharrocks 2015) . Furthermore, the benefits of temporal control over transcription are not limited to intracellular processes: Modulation of transcription in vitro has proven to be a valuable tool in the fields of molecular biology and nanotechnology, enabling the study of cotranscriptional folding of RNA (Watters et al. 2016 ) and the production of molecular motors and RNA nanostructures (Geary et al. 2014; Valero et al. 2018) .
Engineered control over transcription in cells has been achieved through a number of different methods, including the use of a catalytically dead mutant of the type II CRISPR enzyme Cas9 (dCas9) from Streptococcus pyogenes (Spy) either as a passive blockade to transcription initiation or elongation (Bikard et al. 2013; Qi et al. 2013) or to position activating or repressing transcription factors near particular genes of interest (Bikard et al. 2013; Gilbert et al. 2013 ). Both wild-type (WT) Spy Cas9 and dCas9 bind very tightly to double-stranded DNA targets that are complementary to a 20-nt region at the 5 ′ end of a single guide RNA (sgRNA), utilizing a species-specific 3-nt protospacer adjacent motif (PAM) to select potential binding sites ( Fig.  1A ; Jinek et al. 2012) . These features enable the down-regulation of transcription by physically blocking the progress of RNAP in a site-specific manner; however, rapid reversibility of this effect has not been demonstrated so far. In fact, blockage in vivo of E. coli (Eco) RNAP using dCas9: sgRNA complexes is effective, but-as a result of the extremely slow dissociation rate of the dCas9:sgRNA complex-requires cell division for reversal (Qi et al. 2013; Li et al. 2016) . Therefore, a different strategy is needed to confer reversibility on dCas9-mediated transcription control in vitro.
Numerous proteins have been found to act as blockades to transcription elongation by various RNAPs in vitro, including lac repressor (Deuschle et al. 1986 ), catalytically dead restriction enzymes Steege 1990, 1991) , and Eco RNAP initiation complexes (Kassavetis et al. 1978) . However, each of these proteins exhibits specificity for a single binding sequence, limiting its versatility. Furthermore, while in some cases the blockade can be removed and transcription resumed (Pavco and Steege 1990) , the conditions necessary for removal often interfere with transcription (Pavco and Steege 1991) . As a result, there is a need for a transcription control method with high sequence flexibility and rapid reversibility under mild conditions. Such an approach would have numerous applications for studying how cotranscriptional folding is affected by temporary pausing by RNAP, for creating RNA nanostructures with domains that must fold sequentially, and for obtaining fine-tuned temporal control over transcription-based nanodevices.
In this work, we show that Spy dCas9 forms an effective blockade to in vitro transcription by RNAPs from bacteriophages SP6, T3, and T7, and a partial blockade to transcription by Eco RNAP. As a model system, we utilized the U5 small nuclear RNA (snRNA) from S. cerevisiae, which is involved in positioning the two exons for ligation during the second chemical reaction of pre-messenger RNA splicing (Newman 1997; O'Keefe and Newman 1998) . We show that robust blockage is maintained even with four mismatches in the sgRNA:DNA hybrid, but that this mismatched complex can be removed on demand by addition of a competitor DNA duplex. After addition of the competitor, transcription of the full-length RNA is recovered within 5 min. We show that multiple blockades can be assembled on a single DNA template and removed independently of one another, allowing relative production of multiple RNA transcripts to be controlled in real-time. Our mechanistic foundation demonstrates a simple, yet versatile paradigm for both down-and up-regulating the relative populations of RNA species in vitro over time, a methodology that we anticipate to open up numerous opportunities for temporal systems control in molecular biology and nanotechnology.
B
A C FIGURE 1. Transcription control in vitro using dCas9 blockades. (A) dCas9 is directed to a target site on a DNA template encoding U5 by an sgRNA harboring a target sequence complementary to that of the DNA, and a PAM sequence in the DNA adjacent to the target site. (B) DNA sequence encoding U5 snRNA, with colored lines indicating the target sites of the sgRNAs used in this study and with the corresponding PAMs highlighted in the same color. The dashed line above the sequence indicates sgRNA4, which binds to the template DNA (tDNA), while solid lines below the sequence indicate sgRNAs that bind to the nontemplate DNA (ntDNA). The two guanosine residues at the 5 ′ end were inserted in order to facilitate transcription initiation. (C) Denaturing urea-polyacrylamide gel showing that full-length U5 is produced in the absence of sgRNA or dCas9, whereas blockage products of approximately the expected lengths are produced in the presence of each sgRNA:dCas9 blockade. In this and all the following figures, the displayed gel images were subjected to a rolling ball background correction. The vertical line indicates the location where an unnecessary lane was spliced out.
RESULTS dCas9 complexes binding the nontemplate strand act as efficient transcription blockades
In seeking to develop a modular platform for transcription control in vitro, we prepared sgRNAs with targets at a series of positions along a DNA template encoding U5 snRNA ( Fig. 1B) . We assembled sgRNA:dCas9 blockades at these positions and found that with each of the sgRNAs tested, the complex blocked transcription by T7 RNAP at the expected location ( Fig. 1C ). We found that the complex assembled with sgRNA4, which binds to the tDNA, did not block transcription as effectively as complexes assembled with sgRNAs 1, 2, and 3, which bind to the ntDNA (note the band labeled "Full-length U5 snRNA" in Fig. 1C ), analogous to in vivo observations of transcription by Eco RNAP (Qi et al. 2013) . Clarke et al. (2018) investigated the ability of transcribing T7 RNAP and Pol II to displace an sgRNA:WT Cas9 complex following DNA cleavage by Cas9. Testing a broad panel of sgRNAs in vitro, they found that Cas9 generally gets displaced by RNAP when the sgRNA targets the tDNA and does not get displaced when the sgRNA targets the ntDNA.
We next compared the ability of the dCas9 blockade to halt transcription by bacteriophage SP6, T3, and T7 RNAPs as well as Eco RNAP (Fig. 2 ). For these experiments, we utilized sgRNA5, which binds to the ntDNA near the promoter-distal end. This had the advantage of making the blockage product longer and therefore more readily detected, and of making the exonuclease digestion product of interest (discussed below) shorter, allowing changes in its length to be more easily resolved. SYBR gold staining was used to visualize the transcription products as well as all other nucleic acid species ( Fig. 2A ). We found that SP6, T3, and T7 RNAPs were each blocked with >99.5% efficiency by sgRNA5:dCas9 complexes B C E D A FIGURE 2. Blockage of various RNAPs by sgRNA5:dCas9 complexes. (A) Cy5-labeled DNA template encoding U5 was transcribed by SP6, T3, T7, or Eco RNAP, and reaction aliquots were removed and digested using Exonuclease III. The tDNA strand was visualized on a denaturing urea-polyacrylamide gel by detecting Cy5 (magenta star), and all nucleic acid species were visualized via staining with SYBR gold (green halos). Each species is given a letter that is used to identify its band. Band A: full-length DNA template; B: full-length U5; C: protected ntDNA fragment; D: blockage product; E: sgRNA5; and F: protected tDNA fragment. (B) Ureapolyacrylamide gels analyzing transcription reactions using SP6, T3, and T7 RNAPs, with Cy5 (magenta) and SYBR gold (green) scans overlaid. Reactions were performed with, from left to right, SP6 RNAP in the absence of a blockade, and SP6, T3, and T7 RNAPs in the presence of a blockade. Nucleic acid bands are labeled as indicated in panel A. ( Fig. 2B,C) . Previous studies utilizing other proteins as roadblocks found that bacteriophage RNAPs can be blocked with efficiencies ranging from 0% by nucleosomes (Lorch et al. 1987) , to ∼40% by the catalytically dead Gln-111 variant of EcoRI (Pavco and Steege 1991) , to ∼90% by the Eco replication protein Tus to ∼100% by promoter-bound Eco RNAP (Kassavetis et al. 1978) . It is reasonable to assume that sgRNA:dCas9 complexes may reside at the high end of that range, as they exhibit bound-state lifetimes on DNA of >45 min and a K D of <1 nM , well under the 80 nM DNA concentration used in these experiments. Unexpectedly, we found that Eco RNAP was blocked with only ∼70% efficiency ( Fig. 2D ,E). This stands in contrast to the nearly 100% blockage of Eco RNAP by dead EcoRI variant Gln-111 (Pavco and Steege 1990) ; however, less efficient Eco RNAP blockage was observed with lac repressor (Deuschle et al. 1986 ). Since our reactions were all carried out under identical conditions, it has to be assumed that the initial occupancy of the dCas9 binding site was identical for all four RNAPs. We hypothesize that the propensity of Eco RNAP to stay bound when it encounters dCas9 may give it more opportunities to proceed through the blockade than the bacteriophage RNAPs, which appear to dissociate rapidly (see next section). In addition, recent work has indicated that transcribing Eco RNAP has the ability to displace bound dCas9 blockades (Vigouroux et al. 2018 ). Since we used nearly equimolar amounts of DNA and dCas9, leaving little free dCas9, if a dCas9 blockade gets removed, it is likely that RNAP will be able to transcribe beyond the binding site before another blockade can bind.
Bacteriophage RNAPs dissociate rapidly upon encountering a dCas9 blockade, while Eco RNAP remains stably template-bound For a transcription control platform based on blockage of RNAP, the scope of potential applications depends on whether RNAP stays bound upon encountering the blockade. Applications such as the production of RNA nanostructures benefit from multiple turnovers, which require that RNAP dissociates and re-initiates after blockage. Applications mimicking RNAP pausing require RNAP to remain bound and resume transcription at a later time. We therefore investigated whether RNAP stays bound to the DNA template when it encounters the sgRNA:dCas9 blockade. To avoid dissociation resulting from "bumping" of trailing RNAPs into blocked RNAPs (Zhou and Martin 2006) , we utilized a low (1:4) RNAP:DNA ratio, which avoids the complication of having multiple RNAP molecules transcribing the same DNA template molecule. To determine whether RNAP stays bound, we analyzed both the relative stoichiometries of RNA products and RNAP and the protection pattern of the DNA template from digestion by Exonuclease III (Exo III). We placed a Cy5 fluorophore label at the 5 ′ end of the tDNA so that the labeled fragment protected from Exo III would increase in length if RNAP were present ( Fig. 2A ). If RNAP were to remain stably bound at the blockade, transcription of the blockage product would be limited to a single round, and the accumulation of RNAPs stuck at the blockade would cause the production of the full-length RNA to cease as well. In addition, longer products would be observed upon Exo III digestion, resulting from the protection of the DNA by RNAP as well as by dCas9.
Using the above strategy on the bacteriophage RNAPs, we can set an upper limit of the bound-state lifetime after encountering the sgRNA:dCas9 blockade to <5 min. This was concluded based on the facts that the Exo III digestion pattern was identical in the presence and absence of RNAP ( Fig. 2B ; for each image, compare band F in the −RNAP +Exo III lane to the transcription time course lanes), and that substantially more than one RNA molecule was produced per RNAP molecule (Fig. 2C ). The dCas9:sgRNA blockade itself was resistant to Exo III, with the digestion of the Cy5-labeled tDNA producing multiple bands of lengths within 5-10 nt of each other. In contrast, T7 RNAP elongation complexes are stable for hours when stalled by the absence of NTPs (Gopal et al. 1999 ) and such complexes are resistant to Exo III digestion (Huang and Sousa 2000) . Instead, consistent with our findings, it has previously been shown that when T7 RNAP is stalled by a blockading DNA-binding protein, its bound-state lifetime decreases to ∼9 min .
Strikingly, while Eco RNAP was blocked with lower efficiency than the bacteriophage RNAPs (compare Fig. 2E to the inset in Fig. 2C ), it produced only ∼1 molecule of blockage product per molecule of RNAP, and the production of RNA ceased early in the time course. When Eco RNAP transcription reactions were digested with Exo III, two new bands appeared, representing DNA species ∼25 nt longer than those observed in the absence of RNAP ( Fig. 2D , right-hand side). This is consistent with studies on Eco transcription complexes blocked by inactive restriction enzymes, which showed that 22-28 nt are protected by RNAP (Pavco and Steege 1990) , as well as with in vivo studies that found that at dCas9 blockades the nascent RNA remains tightly bound to the transcription elongation complex, allowing it to be recovered via immunoprecipitation of RNAP (Qi et al. 2013 ). Together, our results suggest that SP6, T3, and T7 RNAPs dissociate when they encounter the dCas9 blockade and consequently undergo multiple turnovers, while Eco RNAP occasionally reads through but otherwise remains stably bound at the blockade.
Blockades formed from mismatched sgRNAs can be removed with matching trap duplexes For many applications, the extremely tight binding of sgRNA:dCas9 complexes to DNA is a significant benefit. These include applications in which dCas9 is used to position effector proteins or to fluorescently label certain positions within the genome ). However, this property can be a drawback for applications requiring temporal control over transcription, and previous work has found that after expression of dCas9 has ceased, transcription in cells is recovered only upon cell division (Qi et al. 2013; Li et al. 2016 ). Cas9 complexes can be "weakened" by mismatches between the target DNA and the sgRNA, but if these mismatches are located at the PAM-distal end of the target sequence, tight binding affinity and high cleavage activity are maintained (Jinek et al. 2012; Singh et al. 2016) . Specifically, up to four consecutive mismatches at the PAM-distal end are tolerated before in vitro cleavage activity of WT Cas9 is diminished (Jinek et al. 2012) . To generate reversible transcription blockades, we therefore compared fully matched, wildtype ("WT") variants of sgRNA1 to variants containing four mismatches ("4MM"). We found that in the absence of active transcription, blockades containing 4MM sgRNA1 could be removed by the addition of a competitor DNA with a target sequence perfectly complementary to that of 4MM sgRNA1, whereas blockades containing WT sgRNA1 could not (Fig. 3A,B ). This process may occur via spontaneous dissociation of the 4MM sgRNA1:dCas9 complex followed by rebinding to the trap, or by a strand invasion process akin to toehold displacement (Zhang and Seelig 2011; Li et al. 2018) . To differentiate these two possibilities, we added competitor DNA containing the WT target sequence to 4MM sgRNA1: dCas9:DNA complexes. We found that the WT trap, which lacks complementarity to the 4-nt "toehold" presented by 4MM sgRNA1:dCas9 blockades, was as effective at removing the complex as the trap containing the 4MM target sequence (Fig. 3B ). This observation supports WT and 4MM complexes (left) . Close-up of the DNA region of an independent native polyacrylamide gel after SYBR gold staining reveals that the difference in migration occurs with the sgRNA:dCas9 complex alone (right). (D) Schematics of digestion of sgRNA:dCas9-bound DNA with Exo III and λ Exo. In Exo III digestions, the tDNA is detected via Cy5 labeling (magenta star), while in both digestions, all nucleic acid species are detected via SYBR gold staining (green halo). (E) Comparison of exonuclease digestions of DNA with WT sgRNA:dCas9 blockades and blockades containing one to four mismatches, with Cy5 (magenta) and SYBR gold (green) scans overlaid. In the Exo III gel, a digestion of DNA with an sgRNA5: dCas9 blockade is shown for comparison. a mechanism based on spontaneous dissociation followed by rebinding. Interestingly, WT sgRNA:dCas9 and 4MM sgRNA:dCas9 complexes migrate distinctly in nondenaturing gels, both in the presence and absence of DNA ( Fig. 3C ), suggesting a difference in structure between them.
To investigate how an approaching RNAP might be affected by mismatches in the sgRNA:DNA hybrid, we performed exonuclease digestions to probe the accessibility of the DNA at the upstream and downstream edges of the blockade when different numbers of mismatches were present (Fig. 3D ). We utilized λ Exonuclease (λ Exo), which digests 5 ′ phosphorylated strands within dsDNA, and Exo III. We placed the 5 ′ phosphate group such that λ Exo probes the promoter-proximal side of the ntDNA, while Exo III probes the promoter-proximal side of the tDNA and the promoter-distal side of the ntDNA. We found that Exo III is able to intrude into the mismatched region of the sgRNA:DNA hybrid when it approaches from the promoter-distal end of the ntDNA. However, no additional intrusion is observed from the promoter-proximal end of the tDNA or ntDNA, consistent with our observation that the length of the transcription blockage product is the same for both the WT and 4MM sgRNA blockades (Fig. 4A,B ). This is also consistent with structural studies that found that Cas9 envelops the PAM-proximal end of the sgRNA: DNA hybrid, with the repeat:anti-repeat duplex of the sgRNA stacking on it (Nishimasu et al. 2014) .
We utilized these mismatched blockades to implement real-time control of the RNA products produced by T7 RNAP. We assembled WT sgRNA:dCas9 and 4MM sgRNA: dCas9 blockades and tested the ability of the competitor DNA duplexes introduced above to remove them from the DNA template during transcription. When 4MM blockades were present, within 5 min of adding the trap DNA, accumulation of blockage product slowed and production of full-length RNA drastically increased (Fig. 4C) . When WT blockades were present, the addition of the trap duplex, even at 25-fold excess over the template, had little effect on the relative production of blockage and full-length products (Fig. 4D) . In control reactions where no trap DNA was added, only a slight increase in the production of full-length RNA was observed over time. We note that the speed of unblocking could potentially differ in the context of transcription by the stably stalled Eco RNAP versus the rapidly dissociating bacteriophage RNAPs. A single blockade can be selectively removed from a multiblockaded template
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The RNA-guided sequence programmability of Cas9 should enable the selective removal of a specific dCas9 blockade while others remain bound to the same DNA. This selectivity should be obtainable by incorporating mis-matches into only certain blockades and providing trap DNAs specific to those blockades. To test this idea, we investigated a variety of methods for assembling double-blockade complexes using the WT or 4MM variants of sgRNA1 and sgRNA5, the latter of which binds at a nonoverlapping site further downstream. Using native polyacrylamide gel electrophoresis, we assessed the effects of order of addition and of preincubating the sgRNAs with dCas9 before addition to the DNA on the efficiency of double-blockade assembly (Fig. 5 ). We found that for both WT and 4MM sgRNA1, the most efficient method involved incubating the DNA with a slight excess of dCas9 and a large excess of sgRNA5, then adding to that a preassembled sgRNA1:dCas9 complex (designated Method F in Fig. 5 ).
Analogous to the experiments shown in Figure 4 , we then assembled these complexes and utilized them in transcription reactions with T7 RNAP, testing the ability of trap DNA to activate the production of longer RNA products. We found that when blockades containing 4MM sgRNA1 and sgRNA5 were assembled on the same DNA template, only the 4MM sgRNA1 blockage product was observed in significant quantity before the addition of the trap (Fig. 6 ). When trap DNA was added, within 5 min production of 4MM blockage product slowed drastically and sgRNA5 blockage product began to rapidly accumulate. In control reactions to which trap DNA was not added, no such activation occurred. These results demonstrate that by selectively weakening a single dCas9 blockade and not others, and by introducing a trap duplex that is specific to the weakened blockade, the production of multiple RNA species that are shorter than the full-length RNA can be controlled in real-time.
DISCUSSION
In this work, we have demonstrated a versatile approach that allows the relative abundances of different RNA A B C FIGURE 5. Assembly of multiple sgRNA:dCas9 blockades on a single DNA template. (A) Schematic outlining six sequences of mixing and incubation that were tested for their efficiency in yielding double-blockade complexes. One blockade consists of either WT sgRNA1: dCas9 or 4MM sgRNA1:dCas9, and the second blockade consists of sgRNA5:dCas9. In cases where sgRNA and dCas9 are shown on top of one another, these DNA-free complexes were assembled by incubating the indicated sgRNA and dCas9 for 15 min at 37°C before adding them to the remaining components. After each "Add" stage, the mixture was incubated for 15 min at 37°C. Stoichiometries are indicated relative to a starting quantity of 0.7 equivalents of DNA. Methods A and B differ only in the sgRNA stoichiometry and are shown in a single schematic. (B) Nondenaturing polyacrylamide gel imaged via a Cy5 label on the DNA. The WT sgRNA-only, 4MM sgRNA-only, sgRNA 5-only, and double-blockade complexes all exhibit distinct migration rates, allowing the observed bands to be separated into zero-blockade, single-blockade, and double-blockade species. (C ) Quantification of the above gel, indicating the fraction of DNA that migrates as part of a zero-, single-or double-blockade complex following each assembly sequence. species to be fine-tuned during active transcription in vitro. We found noteworthy similarities and differences in the behavior of RNAPs at dCas9 blockades as compared to previously studied protein blockades (Table 1) . For bacteriophage RNAPs, dCas9 appears to be one of the most robust blockades yet reported, matched only by stalled Eco RNAP initiation complexes (Kassavetis et al. 1978; Lorch et al. 1987; Pavco and Steege 1991; Guajardo and Sousa 1999) . The ∼70% blockage of Eco RNAP by dCas9 contrasts with the near-100% blockage previously seen with restriction enzyme blockades (Pavco and Steege 1990) . However, it is known that in vivo, the blockage efficiency of Eco RNAP by dCas9 is limited by the propensity of RNAP to displace the blockade (Vigouroux et al. 2018) . This process becomes significant under nonsaturating conditions, where the finite rebinding rate of removed blockades cannot be neglected. Our experiments were done at a dCas9:DNA molar ratio only slightly greater than 1:1, which is saturating when equilibrium binding is probed at 40-80 nM DNA. However, this ratio is unlikely to be saturating when physical displacement contributes to the unbinding rate, rather than only the spontaneous dissociation of the blockade. In the studies of restriction enzyme blockades, a molar ratio of at least 7.5:1 protein:DNA was required for both complete binding at equilibrium and complete blockage of transcription (Pavco and Steege 1990) , becoming saturating even when displacement occurs during transcription. We further discovered that-in contrast to the bacteriophage RNAPs-Eco RNAP stays bound when it encounters dCas9 blockades, potentially enabling applications such as mimicking transcriptional pausing or installing site-specific modifications in the nascent RNA. We note that the blockage efficiency and the stability of RNAP at the blockade may be affected by factors such as the target sequence and target strand (which determines the orientation of the blockade relative to the approaching RNAP). Clarke et al. investigated the ability of transcribing T7 RNAP and Pol II to displace an sgRNA:WT Cas9 complex following DNA cleavage (Clarke et al. 2018) . Testing a broad panel of sgRNAs in vitro, they found that Cas9 generally gets displaced by both RNAPs when the sgRNA targets the tDNA, but not when it targets the ntDNA. Analogous to these as well as in vivo results on Eco RNAP (Qi et al. 2013) , the one tDNA-targeting sgRNA we investigated showed a lower blockage efficiency than any of the four ntDNA-targeting ones (Fig. 1C) . For both T7 RNAP and Pol II, Clarke and coworkers found that the quantity of free, active Cas9 resulting from displacement varies significantly among different tDNA-targeting sgRNAs, but nearly no displacement occurs with any ntDNA-targeting sgRNA tested (Clarke et al. 2018) . Again consistent with these results, we found that all four of the ntDNA-targeting sgRNAs we tested almost fully blocked transcription by T7 RNAP. It therefore appears that the robustness of ntDNA-targeted blockades is relatively insensitive to the sgRNA target sequence.
We found that blockage of T7 RNAP remains effective with four mismatches in the PAM-distal end of the sgRNA:DNA hybrid. However, these mismatches make the complex susceptible to disruption by a trap duplex, allowing transcription to be recovered on demand. It is noteworthy that the competitor DNA is able to displace 4MM sgRNA1:dCas9 both in the absence (Fig. 3B ) and in the presence (Fig. 4B ) of active transcription, while WT sgRNA1:dCas9 complexes could not be displaced under either condition. Previous work has shown that collisions with T3 and T7 RNAPs can physically displace an otherwise very stable DNA-binding protein, allowing it to be sequestered by a competitor oligonucleotide. However, in those studies the competitor had no effect in the absence of active transcription, suggesting that the protein blockade had a very slow inherent dissociation rate ). In our system, the 4MM sgRNA1:dCas9 complex must have an inherent dissociation rate (in the absence of transcription) that is slower than the frequency of encounters with RNAP during active transcription, but faster than the 5 min over which transcription is resumed after trap addition. The bound-state lifetime of WT sgRNA1: dCas9, in contrast, must be longer than the 60 min for which it was incubated with trap DNA in the experiment reported in Figure 3B , consistent with previous reports . The notion that displacement of 4MM sgRNA1:dCas9 blockades is governed by the inher-ent dissociation rate of that complex (rather than a toehold displacement mechanism) is supported by the observation that a high concentration of trap DNA matched to the WT sgRNA1 target sequence is equally effective at displacing the blockade as trap DNA that is perfectly matched to 4MM sgRNA1 (Fig. 3B) . It has been shown, however, that a toehold-like mechanism allows cleaved nontarget DNA to be displaced from sgRNA: WT Cas9:DNA complexes (Richardson et al. 2016) .
Finally, we found that complexes can be assembled with multiple dCas9 blockades in place that can be removed individually, allowing the relative abundances of at least three RNA species to be controlled in real-time. This represents a very significant advantage of our approach in that it allows the selective removal of a particular blockade without any changes to the reaction conditions that would affect all blockades equally and/or interfere with transcription itself (such as an increase in salt concentration). Using our approach, specificity can be obtained through two complementary mechanisms-by introducing mismatches into some blockades and not others, and by proving trap DNA complementary only to a particular blockade. Incorporating mismatches into the dCas9 blockade circumvents the limited reversibility of previously existing approaches (Qi et al. 2013) , allowing transcription to resume within minutes of addition of trap DNA. This general approach can also be applied to gene regulation approaches that do not involve direct blockage of transcription. For example, dCas9 complexes that position effector proteins ) could be similarly weakened by the introduction of mismatches and then rendered inactive at the desired time by the addition of a trap duplex.
As with many approaches based on CRISPR, the selection of blockage sites is limited by the availability of PAM sequences. For Spy Cas9, however, the PAM is defined simply by two adjacent guanosine residues, a motif that will be found by chance far more frequently than, for example, the 6-nt EcoRI binding sequence (Pavco and Steege 1991) or the 21-nt lac repressor binding sequence (Deuschle et al. 1986 ) that have previously been used to position transcription blockades. Furthermore, other members of the Cas9 superfamily and their analogs in other organisms often recognize different PAM sequences (Nakade et al. 2017) , and/or have significantly different mechanisms of PAM and sgRNA recognition . Additional sequence flexibility may therefore be obtained through the use of CRISPR variants from different organisms or those that have been engineering for a rapidly expanding CRISPR toolset (Kleinstiver et al. 2015a,b; Hu et al. 2018; Nishimasu et al. 2018) . Blockades assembled from other Cas9 variants may also have different "weak points" from Spy dCas9, allowing the use of distinct approaches to remove them.
In conclusion, we have shown that dCas9 can be used to block transcription in vitro in a site-specific manner and is effective at blocking transcription by several different RNAPs and that mismatches in the sgRNA:DNA hybrid confer reversibility on the blockade. This work lays the mechanistic foundation for future applications, including the production of RNA nanostructures and the study of cotranscriptional folding. Our approach should also be applicable to more complex designs such as in vitro coupled transcription-translation assays and cell-free gene circuits.
MATERIALS AND METHODS

Materials
All oligonucleotides were obtained from Integrated DNA Technologies and those containing fluorophores were purified via HPLC by the manufacturer. T7 RNA polymerase was prepared in-house, while T3, SP6, and Eco RNAPs, Exo III and λ Exo were purchased from New England BioLabs. dCas9 was a generous gift from the laboratory of Dr. Carol Fierke. Transcription templates encoding U5 snRNA were generated by PCR from plasmid m571 (O'Keefe et al. 1996 ) using a variety of primers according to the intended application (sequences given in Table 2 ). Promoters for SP6, T3, and T7 templates were inserted by including a 5 ′ overhang on the forward primer, and for certain experiments the forward primer was 5 ′ phosphorylated or the reverse primer was 5 ′ Cy5-labeled. To prepare Eco RNAP transcription templates, the sequence encoding U5 was cloned into the pUC18 plasmid between the KpnI and EcoRI restriction sites, and the Eco RecA promoter was inserted immediately upstream between the BamHI and KpnI sites. This region of the plasmid was then amplified via PCR using the primers indicated in Table 2 .
sgRNA preparation
Transcription templates for sgRNAs were prepared from the plasmid pX330 using a two-step PCR protocol, as previously described (Shao et al. 2014 ) (primer sequences given in Table 3 ). 200 nM template was then transcribed in a 100 µL reaction in the presence of 120 mM HEPES KOH pH 7.5, 30 mM MgCl 2 , 7.5 mM ATP, 7.5 mM CTP, 7.5 mM GTP, 7.5 mM UTP, 40 mM DTT, 0.01% Triton X-100, 2 mM spermidine, 0.1 U inorganic pyrophosphatase, and 10 µg/mL T7 RNAP. The RNA was purified by denaturing urea-polyacrylamide gel electrophoresis using UV shadowing to identify the product band. The RNA was extracted from the gel slice by soaking it overnight in 300 mM NaOAc pH 5.3, 1 mM EDTA, then collected by ethanol precipitation.
In vitro transcription experiments with nuclease digestion
sgRNA:dCas9 blockades were assembled by incubating the DNA template at 400 nM with 567 nM dCas9 and 1133 nM sgRNA in Cas9 reaction buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 5% glycerol) for 15 min at 37°C. Immediately after removal from the heating bath, this mixture was diluted to a final concentration of 80 nM DNA in New England Biolabs RNA polymerase reaction buffer (40 mM Tris-HCl pH 7.9, 6 mM MgCl 2 , 1 mM DTT, 2 mM spermidine) additionally containing each NTP at 400 µM, then the RNAP being tested was added to a concentration of 20 nM. Reactions with Eco RNAP additionally included initiating dinucleotide ApC (TriLink Biotechnologies) at a concentration of 100 µM. The transcription reaction was incubated at 37°C and at each time point, an 8 µL aliquot was removed, transferred to room temperature (RT) and treated with 17 units of Exo III. The reaction was quenched 5 min later with an equal volume of formamide loading buffer (95% formamide, 20 mM EDTA). A separate 8 µL mixture was prepared and treated with Exo III without the addition of RNAP, and a final aliquot was removed at the end of the reaction and quenched without being treated with Exo III. Aliquots were resolved by denaturing urea-polyacrylamide gel electrophoresis and the nucleic acid species were visualized by staining the gel with 1× SYBR gold (ThermoFisher S11494) in 1× TBE buffer for 30 min. The ladder shown on each relevant gel is the 25-bp DNA step ladder (Promega G4511). The gel was then imaged on a Typhoon variable mode imager using the "Cy3" setting to detect SYBR gold and the "Cy5" setting to detect Cy5. All gel images displayed in figures have been subjected to a rolling ball background correction. For digestions using λ Exo (not performed during transcription), 1.6 units of the enzyme were added.
To determine the relative stoichiometry of the various components of the reaction, the intensities of the blockage product and sgRNA bands were quantified using ImageQuant TL (GE Healthcare Life Sciences) with a rolling ball background correction applied. The sgRNA was used as both a loading control and calibration band. The ratio of blockage product intensity to sgRNA intensity was determined, then, assuming that the SYBR gold signal per nanogram of RNA was equal across the two U5 forward T7 GCG CTA ATA CGA CTC ACT ATA GGA AGC AGC TTT ACA GAT CAA T U5 forward 5 ′ P T7 (Phos)GCG CTA ATA CGA CTC ACT ATA GGA AGC AGC TTT ACA GAT CAA T U5 forward T3 GCG CAA TTA ACC CTC ACT AAA GGA AGC AGC TTT ACA GAT CAA T U5 forward SP6 GCG CAT TTA GGT GAC ACT ATA GAA GCA GCT TTA CAG ATC AAT U5 forward Eco GTA AAA CGA CGG CCA GT U5 reverse AAC GCC CTC CTT ACT CAT TG U5 reverse 5 ′ Cy5 (Cy5)AAC GCC CTC CTT ACT CAT TG RNA species, it was adjusted by the ratio of their molecular weights to obtain the molar ratio of blockage product to sgRNA. This was then adjusted by the known molar ratio of 10.725 mol of sgRNA per mole of RNAP in the reaction to obtain the ratio of blockage product to RNAP.
In vitro transcription experiments with DNA traps
For experiments with a single blockade, dCas9:sgRNA:DNA complexes were assembled as described above. Additionally, a mixture containing 10 µM of each trap DNA duplex strand (sequences given in Table 4 ) was annealed in 10 mM KCl by heating it to 90°C for 2 min and then allowing it to cool at RT for 10 min. For experiments with multiple blockades, a mixture containing 1.13 µM dCas9 and 2.27 µM 4MM sgRNA1 in Cas9 reaction buffer was incubated for 15 min at 37°C. Meanwhile, another mixture containing the DNA template at 400 nM, 567 nM dCas9, and 1133 nM sgRNA5 in Cas9 reaction buffer was incubated for 15 min at 37°C. The two mixtures were combined and the resulting sample was incubated for 15 min at 37°C. Immediately after being removed from the heating bath, the sgRNA:dCas9:DNA complex was diluted in transcription buffer (120 mM HEPES KOH pH 7.5, 15 mM MgCl 2 , 3.75 mM ATP, 3.75 mM CTP, 3.75 mM GTP, 3.75 mM UTP, 40 mM DTT, 0.0025 U/µL inorganic pyrophosphatase) to a final concentration of 40 nM DNA, then T7 RNAP was added to a concentration of 200 nM and the reaction was incubat-ed at 37°C. Aliquots of size 0.5-1 μL were removed at the indicated times and quenched into an equal volume of formamide loading buffer (95% formamide, 20 mM EDTA). After the 5-min time point was removed, the annealed trap solution was added to a final concentration of 1 µM DNA. For "no trap" reactions, 10 mM KCl was added to a final concentration of 1 mM. Additional aliquots were removed and quenched at the indicated times. Reactions were resolved by denaturing urea-polyacrylamide gel electrophoresis, stained in SYBR gold and imaged on a Typhoon variable mode imager using the Cy3 setting. To analyze these experiments, the intensities of the blockage product (s), sgRNA, full-length U5, and DNA bands were determined using ImageQuant TL, and each was divided by the intensity of the DNA band.
dCas9 binding assays dCas9 blockades were prepared as described above on a template containing a Cy5 label on the 5 ′ end of the tDNA. Trap duplexes (assembled as described above) were added in the indicated concentrations and the mixture was incubated for 60 min at 37°C, then mixed with an equal volume of loading buffer (1× TBE, 50% glycerol). Control samples were kept on ice throughout the 60 min. The samples were then resolved on 6% nondenaturing polyacrylamide gels prepared with 0.5× TBE, which were run at 4°C using 0.5× TBE as the running buffer. WT tDNA TGG AGA CAA CAC CCG GAT GGT TCT GGT AAA AGG CAA GAA C WT ntDNA GTT CTT GCC TTT TAC CAG AAC CAT CCG GGT GTT GTC TCC A 4MM tDNA TGG AGA CAA CTG GGG GAT GGT TCT GGT AAA AGG CAA GAA C 4MM ntDNA GTT CTT GCC TTT TAC CAG AAC CAT CCC CCA GTT GTC TCC A In each entry, the target sequence is underlined. In the 4MM sequences, the mismatches are in bold. GTT TTA GAG CTA GAA ATA GC   Scaffold reverse  AAA AAA GCA CCG ACT CGG TGC C  T7 forward  GAT CAC TAA TAC GAC TCA C   T7-target WT sgRNA1  GAT CAC TAA TAC GAC TCA CTA TAG GAC CCG GAT GGT TCT GGT AAA GTT TTA GAG CTA GAA AT   T7-target 1MM sgRNA1  GAT CAC TAA TAC GAC TCA CTA TAG GTC CCG GAT GGT TCT GGT AAA GTT TTA GAG CTA GAA AT  T7-target 2MM sgRNA1 GAT CAC TAA TAC GAC TCA CTA TAG GTG CCG GAT GGT TCT GGT AAA GTT TTA GAG CTA GAA AT T7-target 3MM sgRNA1 GAT CAC TAA TAC GAC TCA CTA TAG GTG GCG GAT GGT TCT GGT AAA GTT TTA GAG CTA GAA AT T7-target 4MM sgRNA1 GAT CAC TAA TAC GAC TCA CTA TAG GTG GGG GAT GGT TCT GGT AAA GTT TTA GAG CTA GAA AT T7-target sgRNA2
GAT CAC TAA TAC GAC TCA CTA TAG CTA TGG AGA CAA CAC CCG GAG TTT TAG AGC TAG AAA T T7-target sgRNA3 GAT CAC TAA TAC GAC TCA CTA TAG TTT CTA TGG AGA CAA CAC CGT TTT AGA GCT AGA AAT T7-target sgRNA4 GAT CAC TAA TAC GAC TCA CTA TAG GTA AAG CTG TCC GTT ACT GGT TTT AGA GCT AGA AAT T7 target sgRNA5
GAT CAC TAA TAC GAC TCA CTA TAG GCA GAA AAG TTC CAA AAA ATA GTT TTA GAG CTA GAA AT In each version of the "T7-target" primer, the target sequence is underlined. In primers used to prepare mismatched sgRNAs, the mismatches are in bold.
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